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Abstract 
 
A complete end of life to raw materials lithium ion battery recycling system is presented for 
implementation in Australia. Based on electric vehicle and home energy storage system 
adoption rates, five potential collection methods, five different scales of recycling plants and 
three recovery processes are analysed to develop the most efficient, profitable and sustainable 
system available. The analysis results in selection of manufacturer based collection feeding four 
state centralised recycling plants with throughput capacities of 33,000 tonnes per year 
incorporating dual stage hydrometallurgical and pyrometallurgical recovery systems. Life cycle 
emissions analysis reveals a net reduction in battery life cycle emissions of 161,730 tonnes of 
CO2e. Cost benefit analysis yields a net present value for 20-year plant life from 2025 of $3,022 
million. Finally, assessment of risks cautions the reliance of economic feasibility on current 
metal prices which are shown to be highly volatile. 
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1.  Introduction 
Growth in the small electronics (SE), electric vehicle (EV) and home energy storage (HS) 
markets has resulted in an exponential increase in demand for lithium ion batteries (LIBs). 
Although efficient as energy storage devices, the lifetime of LIBs is typically limited to 3 years 
for consumer products and 10 years for EV and HS systems. In Australia, it is expected that 
waste LIB volumes will grow from 3,340 tonnes in 2016 to 120,000 tonnes in 2035. This poses 
a threat to the sustainability of LIB systems, and thus closed loop recycling technology will 
become increasingly relevant [1]. 
Motivation for the recycling of LIBs stems from the numerous environmental, economic and 
ethical benefits. Environmentally, it was found that by redirecting LIBs away from traditional 
solid waste streams, both a reduction in greenhouse gas emissions, and a 51.3% reduction in 
battery lifecycle impact could be achieved [2]. In addition, where LIBs are classified as a class 
9 hazardous waste due to the toxicity of cobalt, manganese and nickel and instability of lithium, 
it is important to prevent them from entering landfill where they may combust or contaminate 
local water tables [1]. However, the presence of these commodities presents a potentially 
lucrative opportunity for recyclers. Due to the increasing demand for these valuable materials, 
and the questionable sourcing of virgin metals via the exploitation of developing nations, it is 
prudent to assume that recycling will become increasingly important [3].  
Considering these issues, it is vital that developed nations play a leading role in the introduction 
of LIB recycling programs. Currently, Australia lags far behind partner United Nations states 
with respect to battery recovery, achieving a low 6% recycling rate compared to the 45% 
targeted by the European Union [4] [5]. This is indicative of poor regulation; no government 
incentivisation; a lack of recycling infrastructure; careless consumer behaviour and low waste 
volumes. To correct this situation, an immediate effort to improve recycling is required via a 
complete collection to market system to future-proof the LIB industry.  
1.1 Goal  
In response to the issues outlined above, this project aims to propose an economically and 
environmentally feasible, efficient and sustainable LIB recycling system for implementation in 
Australia. The diagram below describes the stages of a closed loop battery lifecycle that fall 
within the scope of the project: 
 
 
Figure 1: Scope of Project 
It is important to note that the recycling of non-lithium ion based batteries is outside the scope 
of this project. The proposal therefore assumes that lithium ion technology will dominate the 
energy storage market for the foreseeable future. This risk of this assumption is acknowledged 
by the authors and users are urged to consider this in review of the project.  
Generation
Collection 
Initiatives
Transport Sorting
Metal 
Recovery
Metal 
Refinement
Resale of 
metal
LIB Recycling System Proposal 
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2. Literature Review 
2.1 Lithium Ion Batteries 
As in traditional battery technology, LIB cells are comprised of a cathode, anode, electrolyte 
and separator. These components are usually made up of a Lithium metal oxide, porous carbon, 
an organic solvent with a lithium salt additive and a polymer respectively. Discharging occurs 
when the Lithium ions pass through the electrolyte and separator from the anode to cathode, 
and vice versa for charging as seen in Figure 2 below. 
 
Figure 2: Ion flow in lithium-ion battery [6] 
Current LIB technology differs from original lithium metal batteries that were proposed in the 
1970s as non-rechargeable, high capacity energy storage devices. Due to the small atomic mass 
and high electrochemical potential of lithium, it was identified as potentially ground-breaking 
battery technology as early as 1912, but suffered from stability issues during charging and was 
replaced by non-metallic lithium ion alternatives. LIBs offer the following advantages over 
older nickel-cadmium (Ni-Cd) and lead-acid (Pb) alternatives: 
▪ Low maintenance with no memory and no scheduled cycling 
▪ Self-discharge rate over a month is approximately 5% compared to Ni-Cd 20% 
▪ Twice the energy density of Ni-Cd 
▪ Greater energy density than Pb 
▪ Discharge behaviour similar to Ni-Cd and Pb 
Issues with LIBs, which are relevant to recycling procedures, include: 
▪ Chemistry requires protection circuits to prevent extreme charge states 
▪ Susceptible to irreparable capacity reduction due to extreme temperatures 
▪ Lithium metallic plating can cause capacity reduction or short circuiting  
▪ Capacity degradation occurs regardless of use 
▪ Multiple different chemistries in use 
▪ Inherent instability of Lithium can cause explosions or fires 
Typically, modern lithium ion cells offer nominal voltages of 3.6V. This is often sufficient to 
power smart phones, cameras and other portable electronics, but requires series wiring for larger 
applications. The convenience and advantages of LIBs, and ever improving economies of scale 
in production, will continue to see an increase in their share of the battery market [6] [7]. 
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2.2 Types and Applications 
Currently, there are 6 available types of lithium ion battery cells. Each offer specific advantages 
and weaknesses and are chosen depending on factors of cost, capacity, stability, temperature 
tolerance, mass and lifespan. The following table outlines common applications with respect to 
the above factors, where loading capacity describes current delivery and chemistries are listed 
in order of relevance: 
Battery Type Cost Energy 
Density 
Stability Lifespan Common Uses Safety 
1. Lithium 
Cobalt Oxide 
(LiCoO₂), LCO 
High  High specific 
energy but 
low loading 
capacity 
Low 
thermal 
stability 
Short  Mobile Phones, 
Cameras, Laptops 
Poor 
2. Lithium 
Manganese 
Oxide 
(LiMn₂O₄), 
LMO 
High  Moderate 
specific 
energy but 
good loading 
capacity 
High 
thermal 
stability 
Short Electric vehicles, 
power tools, 
medical 
instruments 
Moderate 
3. Lithium 
Nickel 
Manganese 
Cobalt Oxide 
(LiNiMnCoO₂), 
NMC 
High High specific 
energy with 
moderate 
loading 
capacity 
Moderate 
thermal 
stability 
Moderate Power tools, e-
bikes, electric 
vehicles, home 
energy storage 
and other electric 
drivetrains 
Moderate 
4. Lithium 
Nickel Cobalt 
Aluminium 
Oxide 
(LiNiCoAlO₂) 
LCA 
Low High Specific 
Density with 
moderate 
loading 
capacity 
Moderate 
thermal 
stability 
Moderate  Medical devices, 
industrial 
applications, 
electric vehicles 
Poor 
5. Lithium Iron 
Phosphate 
(LiFePO₄), LFP 
High Low energy 
density but 
high loading 
capacity 
High 
thermal 
stability 
Long  Starter Batteries, 
high current 
applications 
Excellent 
6. Lithium 
Titanate 
(Anode) 
(Li₄Ti₅O₁₂), 
LTA 
Very 
Low 
Low specific 
energy but 
with moderate 
loading 
capacity 
Excellent 
thermal 
stability 
Long  Electric 
powertrains, solar 
street lights 
Excellent 
Table 1: Analysis of types of batteries and use [7] 
 
The mass compositions of the LIB chemistries of LCO, NMC and LFP, which make up a large 
portion of the batteries used in the applications above, are described in Figure 3 
Furthermore, a breakdown of the cathode active material for each case is presented in Figure 4 
for predicting yields in recycling processes [8]. 
Given the high percentage of valuable metals contained in the LCO and NMC cathodes, both 
of which are popular for use in many consumer applications, the recovery of EOL LIBs will 
become increasingly important.  
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Figure 3: LIB composition 
 
Figure 4: Active Cathode Composition 
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2.3 Applications 
Common LIB applications include: 
1. Small Electronics, SE – Mobile Phones, Cameras, Medical Devices 
2. Medium Devices, MD -Power Tools, Laptop Batteries 
3. Electric Vehicles, EV 
4. Home Energy Storage, HS – Tesla Powerwalls, Samsung Batteries 
To improve knowledge of the batteries to be handled by any proposed recycling initiative, 
average battery mass based on application is also presented below: 
Application Average Battery Mass 
Small Electronics, SE  30g (Average of smartphone and camera batteries) [9] 
Medium Devices, MD  415g (Average of drill and laptop batteries) [10] 
Electric Vehicles, EV 415kg (Average of Tesla S and Nissan Leaf) [11] [12] 
Home Energy Storage, HS 122 kg (Tesla Powerwall 2) [13] 
Table 2: Battery Characteristics 
It is therefore likely that any proposed recycling system will be required to deal with high 
volumes of LMO and NMC type LIBs, as these are both popular for use in EVs and HSs.  
2.4 Waste Projections 
Projected growth in mass of waste EOL LIBs will play a major role in the development of the 
battery recycling system.  Figure 5 illustrates projections, performed on behalf of the Australian 
government, based on the Australian Energy Market Operator assertions regarding expected 
uptake rates of EVs and HS systems over the next decade.  
 
Figure 5: Projected growth in waste LIBs [14] 
In the most conservative case, mass of LIB waste still grows to a considerable 100,000 tonnes 
per year, with a more likely increase to 130,000 tonnes per year. 
Furthermore, Table 3 below compares the number and mass of active LIBs based on application 
and growth projections around the globe to reiterate the scale of the waste issue that will arise. 
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  2017 2030 
Application Average 
Battery Mass 
Number of 
Batteries, 000s 
Mass 
(tonnes) 
Number of 
Batteries, 000s 
Mass 
(tonnes) 
Small Electronics (SE) 30g 31,000 [15] 930 278,0001 8,340 
Medium Devices (MD) 415g N/A N/A N/A N/A 
Electric Vehicles (EV) 415kg 1802 74,700 9,343.33 3,877,470 
Home Storage (HS) 122 kg Negligible4 Negligible  2,40 [16] 292,800 
Total - 31,180 75,630 289,743.3 4,178,609 
Table 3: LIB mass by Application and Year 
Despite the growth of SE waste from 930 tonnes in 2017 to 8,340 tonnes in 2030, it is expected 
that smaller batteries will only contribute to 0.2% of total LIB waste in 2030. The 4,200,000 
tonnes of EV and HS packs in use will thus evolve as the focus of any recycling system and 
should dictate logistical and processing decisions. 
With predictions of a 55-fold increase in total mass of active LIBs, fed primarily by rapid 
growth in the EV and HS markets, current conditions do not accurately represent the magnitude 
of waste production in the future. This confirms the need for LIB recycling infrastructure 
around the globe and in Australia.  
2.5 Battery Recycling in Australia 
Australian battery recycling is either limited or poorly regulated and coordinated. 
2.5.1 Australian Battery Recycling Initiative  
The Australian Battery Recycling Initiative (ABRI) is a non-for-profit association established 
by manufacturers, government, retailers, recyclers and environmental organisations in 2008 to 
“promote responsible environmental management of batteries at end of life” [5]. Unlike global 
counterparts, ABRI has failed to significantly influence the behaviour of consumers, which 
remains a vital aspect of the collection of used batteries. This is reflected in a 6% average 
recycling rate of EOL batteries. The Planet Ark battery survey offering this information also 
found that 98% of respondents would be likely to recycle batteries if an easier disposal method 
was available [17]. Currently, drop off locations are limited to 70 Battery World and 445 ALDI 
store locations, with councils offering some curb side collection capability [5]. This does not 
provide a level of convenience satisfactory to the household consumer, resulting in 64.5% of 
EOL batteries entering landfill and 25.7% informally stockpiled [17].  This issue is 
compounded by the lack of comprehensive labelling, tracking and sorting systems available to 
used battery generators (UBGs), which in turn complicates the mixing of different battery 
chemistries and separation from traditional solid waste streams. As such, an LIB recycling 
process will require an effective collection system and alteration of consumer attitude.  
2.5.2 Lead Acid Battery Infrastructure 
Lead Acid Batteries (LABs) are currently the only chemical energy storage devices that have 
recycling requirements legislated by the federal government. As a result, there is comprehensive 
LAB recycling infrastructure in Australia. Organisations including marinas, mechanical 
workshops and battery stores, along with council locations (often landfill retention bays), 
achieve a 53% collection rate for LABs. This allows the recovery of a considerable amount of 
potentially harmful chemicals and lead for economic benefit and is partially driven by the 
                                                 
1 Based on 18.4% phone market growth rate from [78] 
2 Based on <1% market share for EVs and Hybrids [79] 
3 Based on 2% growth rate of Australian fleet with 40.1%  market share for EVs and Hybrids [79] [80] 
4 5.9MW out of 187.72 GW from battery power [81] 
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consensus of the consumer that the larger multi-cell batteries require a proper disposal method 
[17]. In contrast, the small size of batteries found in household electronics are easier to throw 
in the bin or informally stockpile in a cupboard. Following collection from UBGs using poorly 
regulated utility vehicles and trucks, which lack basic securing methods, the waste batteries are 
stockpiled at centralised locations in major metro areas. As recommended by the government, 
the batteries are then stacked up to 3 layers high on timber pallets, and wrapped in an industrial 
grade glad wrap that acts as a securing method as illustrated in Figure 6.  
 
Figure 6: Collection point with wrapped battery pallets [18] 
Although primitive, this system satisfies regulators and allows for the delivery of the collected 
batteries to one of the 4 major recycling plants, 3 of which are located in New South Wales and 
1 in Queensland. Involving 4 different middlemen, as described in Figure 7, the process 
highlights the importance of centralised processing, which achieves far greater compliance than 
the decentralised storage and collection stage of the supply chain [18]. 
Figure 7: Australian battery recycling supply chain 
2.5.3 Lithium Ion Battery Recycling in Australia 
On a commercial scale, most LIBs are exported to international recyclers which offer 
processing plants in Europe and southeast Asia. The lack of local infrastructure for LIB 
processing is identified by the ABRI website which, when in reference to finding an Australian 
recycler, states “Companies that have an export permit or are applying for a permit to export 
LIBs are listed here [battery exporters link]” [5]. However, the recent opening of a small scale 
mechanical processing plant by PF Metals™ in Victoria is a positive step towards LIB 
recycling. It produces plastics, pure copper, pure aluminium and a cobalt, nickel and lithium 
dust requiring further refinement [19]. This will pioneer the concept for large scale operations. 
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2.5.4 Regulation and Safety 
As previously identified, collection remains a significant barrier to the effective recycling of 
LIBs. In Australia, the large distances between major metropolitan areas and sparsely populated 
rural towns ensures high transportation costs, safety concerns and regulatory difficulties. 
Specifically, LIBs are classified as a class 9 hazardous waste or a miscellaneous dangerous 
substance or article or environmentally hazardous substance [20]. This renders interstate 
delivery very difficult and reduces the viability of a potentially centralised system. In addition, 
the lack of regulation by the National Environmental Protection Measure 1999 (NEPM) 
requires the acquisition of consignment authority for any major LIB transportation event, and 
further reduces the ability for recyclers to effectively trade EOL batteries [14]. When 
compounded by the accepted dangers of Lithium Ion cells, including flammability and 
explosiveness, collection remains a barrier to preventing the unconsidered disposal of LIBs.  
The use of existing LAB collection infrastructure for the collection of LIBs also remains 
constrained by the highly reactive nature of the electrochemical cells. Although it would be 
beneficial to take advantage of the current waste battery supply chain, existing recyclers are 
reluctant to admit LIBs. This is based on the risk of fires and explosion due to mixing of 
different chemistries and has been highlighted by the release of a safety leaflet in the European 
Union. To increase awareness of differences in battery chemistry it states, “Due to the chemical 
composition of lithium-ion batteries, if not properly handled, fires and explosions can occur 
during the transport, storage, battery breaking and smelting process of used lead-based 
batteries” [21]. As such, significant investment would have to be made to separate different 
chemistries before transportation, rendering the use of existing infrastructure difficult. 
2.5.5 Summary  
The issues facing recycling of LIBs in Australia stem from a lack of supporting infrastructure, 
poor consumer attitudes towards recovery and insufficient mass of EOL LIBs available for 
processing. This has resulted in: 
1) Poor collection rates of EOL LIBs 
2) Lack of reasonable regulation of transport of EOL LIBs 
3) Minimal onshore processing capacity 
4) Lacking community interest and understanding 
In any case, an Australian LIB recycling system will have to address these issues using novel 
concepts and successful existing examples if it is to remain sustainable. 
2.6 Global Lithium Ion battery recycling initiatives 
An effective recycling system will build on the successes of existing examples. The following 
section outlines the key features of the systems currently in use around the world, with a focus 
on relevance to the Australian context. 
2.6.1 Countries 
In the context of current day EOL LIB production rates, the following countries were analysed 
with respect to battery stewardship programs and achieved collection and recycling rates: 
1. Belgium 
2. Finland 
3. France  
4. United Kingdom 
5. United States of America 
6. Canada 
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A general assessment of the European Union and the highly successful Waste Electrical and 
Electronic Equipment Directive (WEEE) was also conducted. This offered a diverse cross-
sectional insight into the different approaches towards battery recycling employed around the 
globe. 
2.6.2 Notable Features 
Of the countries observed, a number exhibited common or notable features that will be 
particularly relevant in the Australia recycling system. These features include: 
1. A primary collection and recycling organisation with clear targets 
2. Development of visually appealing and associable waste battery containers 
3. Engagement of manufacturers and retailers in the collection process 
4. Reasonable and understandable LIB transportation regulations 
5. Bulk shipping options for rural areas 
6. Partial levying of recycling process for manufacturers and retailers 
7. Final metal refinement via hydrometallurgical treatment 
8. Introduction of standardised disposal label on LIBs 
9. Free of charge drop off locations for users 
Notably, the evolution of these features has occurred given a small waste feed of mostly 
portable LIB variants. These features will be incorporated where possible in the final project 
and will be instrumental in the success of global recycling systems. 
 
 
Figure 8: Batribox™ collection systems [22] 
A detailed presentation of the research into existing recycling systems can be found in the 
Appendix. 
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3. Australian LIB Recycling System 
The development of an LIB recycling system for the Australian context was split into four 
stages: 
1) Collection and Sorting 
2) Location and Scale  
3) Process  
4) Resale approach 
These stages were identified as areas that required the most significant analysis with respect to 
improving the efficiency and sustainability of the system.  
To then evaluate the most suitable approaches within each of these stages, it was important to 
recognise the findings of section 3.2.2. This included the recognition that the primary waste 
feed of LIBs would shift from portable batteries to large volume and mass EOL EV and HS 
battery packs. Using the data projections of active LIBs and waste mass outlined in Table 3 and 
Figure 5 respectively, the following composition of waste by mass and volume of battery was 
determined to assist in quantifiable assessment: 
Application Percent of Active 
Batteries (%) 
Mass of Waste 
(Tonnes)  
Number of Waste 
Batteries Produced 
Small Electronics (SE) 0.2 260 8,666,667 
Electric Vehicles (EV) 92.8 120,640 290,698 
Home Energy Storage (HS) 7 9100 74,590 
Total - 130,000 9,031,955 
Table 4: Waste feed composition by battery size 
Total volume of batteries was calculated using the masses defined in Table 2: Battery 
Characteristics. 
Furthermore, the number of potential collection locations is presented to assist in the 
quantification of solutions against assessment criteria: 
Location Number in Australia Justification 
Consumer 
Homes with 
large EOL 
LIBs 
290,698 EV + 74,590 
HS = 365,288 
Conservatively assumes that there will be a home that 
requires collection of each large EOL LIB (i.e. waste HS 
and EV batteries) as defined in Table 4: Waste feed 
composition by battery size above.  
Rubbish Tips 600 Number of registered rubbish tips located around 
Australia [23]. 
Car Dealers 1,500 Number of new car dealers located around Australia. [24] 
Existing EOL 
LIB collection 
locations 
20,000 Number of battery disposal locations as per Planet Ark 
online database and location map. [17] 
Table 5: Number of Potential Collection Locations 
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3.1 Collection and Sorting 
The first stage of the LIB recycling system is the method by which EOL batteries will be 
collected and sorted. Achieving high collection rates of waste LIBs from consumers in an 
efficient manner will play a major role in the efficacy of the proposed system. This section will 
analyse the best way to achieve this for both small and large batteries given a set of 
predetermined criteria. 
3.1.1 Sorting 
The recognition of the shift towards large mass and volume batteries as waste feed demands the 
implementation of a two-pronged approach to battery recycling. It was determined that for the 
purposes of effective collection of portable batteries, the Civil Aviation Safety Authority limit 
of 100Wh capacity batteries to be transported by plane would be applied to separate the streams 
of waste [25]. Batteries with a capacity of less than 100Wh will be considered “small batteries” 
whilst those batteries exceeding this limit will be considered “large batteries”. 
Sorting of the batteries will be reliant on consumers to identify those batteries above or below 
the threshold capacity and then determine the most appropriate form of disposal. Sorting of 
waste batteries will be made considerably easier when the primary waste feed is large EV and 
HS battery packs that far exceed the capacity threshold. 
It is envisaged that the labelling requirements of LIBs as currently required by the Australian 
Communications and Media Authority will be improved upon to include a large and identifiable 
LIB badge to make identification and separation of battery chemistries easier. 
 
Figure 9: Identifiable LIB label 
As per ACMA compliance requirements, LIBs will also need to be labelled with: 
• Chemistry 
• Capacity 
• Power Rating 
• Voltage  
• Dangerous goods identifications 
This will facilitate the sorting of batteries via visual identification by either consumers or trained 
professionals during dismantling or before feeding into the processing facility [26]. The 
implementation of a barcode, battery mass and size scanner system was considered as a possible 
alternative to human sorting, but was deemed unfeasible due to the extensive range of battery 
types and suppliers that will enter the market over the next 20 years. 
It is further expected that the implementation of a two-stage processing system involving both 
pyrometallurgical and hydrometallurgical recovery of valuable metals will reduce reliance on 
any sorting of battery chemistries within the LIB family. 
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3.1.2 Small Battery Collection (<100 Wh) 
Improvements in small, portable pack collection rates will be achieved using methods currently 
employed in Australia and worldwide. These include: 
• Improved awareness of central battery recycling authority (ABRI) 
• Behaviour alteration techniques via education 
• Free postage of recyclable batteries via local and state post service 
• Recycling network based on central collection locations with battery “bins” 
• Manufacturer-centric collection system 
• Government set targets to improve recycling rates 
In addition, it is envisaged that any large battery collection method would accept small portable 
battery waste as well. 
3.1.3 Large Battery Collection (>100Wh) 
A set of criteria is presented to allow the comparison of each proposed collection method: 
Criteria Ranking 
(Weighting) 
Justification 
Collection Rate 1 (22%) Primary aim of recycling system is to recover and recycle as many 
LIBs as possible. An effective collection rate will be instrumental 
in achieving this. 
Economic 
Burden 
2 (19%)  Success and sustainability of the collection technique relies 
heavily on the cost to the government and greater economy. 
Adoption by private enterprise will require an economically viable 
system to be implemented (potentially with the development of a 
collection market). Impact on battery lifecycle emissions will also 
require assessment. 
Risk  8 (18%) Risk of damage to environment, local communities and individual 
consumers is extremely important in the assessment of any 
engineering solution or proposal. Although not the central aim of 
the recycling process, excessive risk in a proposed solution should 
eliminate it from consideration. 
Emissions 3 (16%) Impact on battery lifecycle emissions is vital in assessing the 
bottom-line benefit to the environment. However, it is expected 
that this will be small in impact in comparison to recovery method 
energy use. 
Social 
Acceptance 
and Ease of 
Integration 
4 (14%) Although not vital to the feasibility of a collection system, 
community acceptance and adoption of the proposed plan will 
lead to higher collection rates and encourage a shift in consumer 
behaviour. This will be assisted by any opportunity to integrate 
with existing infrastructure. 
Scalability 5 (7%) Ability to expand the system will be important as the population 
grows and LIBs are employed in more remote areas. However, this 
is a more long-term issue as any proposed system will be required 
to take into account projected growth rates in the near future. 
Timeliness 6 (4%) Timely delivery of batteries from EOL locations to recycling plant 
is moderately important to ensure storage hazards are not 
unnecessarily facilitated and steady flow of material is 
maintained.  
Table 6: Analysis Criteria 
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3.1.3.1 Collection Methods: 
The proposed collection methods were developed through consideration of existing waste 
collection techniques and novel innovation: 
Collection Method Description 
Lead Acid Style  Adopts similar approach to current lead acid battery collection system. 
Central locations such as mechanics, tips, marinas and other industrial 
centres act as LIB collection points. Government regulation would be 
implemented to ensure the safe handling and storage of the batteries at these 
locations before they are picked up for transport to the processing centre. 
Home Exchange Adapts existing home exchange services such as gas cylinder and pool 
chlorine container programs. Certified drivers are trained to remove and 
replace EOL LIB batteries at home, with an offset of the purchase price of 
the new batteries offered. This system would be implemented and regulated 
by the government, with the potential for private enterprise to enter the 
market if possible. 
Manufacturer Manufacturer based collection where HS and EV LIBs must be removed and 
recycled by the company or retailer who supplied the battery. This will occur 
either at the home for HS batteries, or at the dealer or service centre for EV 
batteries such that there is little intervention from government or the 
consumer in the process. 
Kerbside Collection  Modelled off the current council tip kerbside collections. This system would 
rely on periodic (yearly) council or government coordinated pick up event 
with a team of trained labourers aware of the best way to pack the EOL LIBs 
into delivery trucks. 
Moneyback Similar to the aluminium can and plastic bottle recovery system employed 
in South Australia, consumers would be offered a monetary incentive to 
return their batteries to government collection centre dependent on the type, 
size and mass of the battery. Collection points would be designated as 
existing tips around the country to eliminate need for expensive new 
facilities. 
Table 7: Collection Methods 
3.1.3.2 Overview 
The analysis of the most appropriate method for battery collection is presented in section 
3.1.3.3. The following table outlines the results of this analysis: 
Criteria 
Ranking 
(Weighting) 
Lead 
Acid 
Style 
Collection 
Home 
Exchange 
Manufacturer 
Kerbside 
Collection 
Moneyback 
Collection 
Rate 
1 (22%) 3 5 5 1 4 
Economic 
Burden 
2 (19%) 5 3 5 3 1 
Risk 8 (18%) 3 5 3 1 3 
Emissions 3 (16%) 4 1 5 1 5 
Social 
Acceptance 
4 (15%) 3 4 5 1 5 
Scalability 5 (7%) 5 4 5 3 1 
Timeliness 6 (4%) 3 5 5 1 2 
TOTAL 
POINTS 
(Weighted) 
100% 3.71 3.86 4.69 1.53 3.31 
Table 8: Analysis of Collection Methods 
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Clearly, manufacturer based collection is the most appropriate method for recovery of EOL 
LIBs in the Australian context. This is primarily due to the exceptional collection rate and low 
economic burden achieved and highlights the importance of engaging the private sector if a 
successful battery recycling system is to be implemented. 
3.1.3.3 Critical Analysis of Collection Methods 
The following analysis of collection methods was performed for each of the criteria outlined in 
Table 6 above. Each method is then scored with points appropriately where 1 is worst and 5 is 
best. 
Collection Rate 
Collection rate was quantifiably analysed based on historical percentages of collection in 
comparable industries or waste feeds. 
Points Collection Method Explanation 
1 Kerbside Collection 4% e-Waste currently successfully collected and recycled via 
kerbside collection [27] 
3 Lead Acid 53% rate achieved in LAB industry [17] 
4 Moneyback 79.9% collection rate achieved by South Australia for recovery of 
plastic bottles and aluminium cans [28] 
5 Home Exchange 100% rate as installation of new LIB will require the surrender of the 
EOL LIB 
5 Manufacturer 100% rate as installation of new LIB will require the surrender of the 
EOL LIB 
Table 9: Collection Rate Analysis 
 
Economic Burden  
Economic Burden was compared based on a simple quantification of the cost of transport and 
collection to the government required by each collection method: 
 
1)  The cost per net tonne kilometre of the required type of road freight is determined: 
 
Type of Transport Cost 
Trucks 8c per net tonne kilometre of road freight [29] 
Private Car  41c per net tonne kilometre based on fair work delivery driver allowance [30] 
 Table 10: Cost of Transport Methods 
 
2) As it is difficult to accurately quantify the number of freight kilometres travelled for each 
collection method, the number of locations requiring collection of EOL LIBs was 
determined and used as a comparable factor in Table 5. This implies that the more 
locations a collection method has, the more kilometres will need to be travelled thus 
resulting in a higher cost. 
3) The applicable freight rate based on mode of transport is multiplied by the number of 
locations requiring servicing to produce an effective per tonne cost estimate: 
 
𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒 𝑐𝑜𝑠𝑡 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 = 𝑓𝑟𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑒 ∗ 𝑝𝑖𝑐𝑘𝑢𝑝 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 
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Assumptions: 
• Dismantling costs were not considered as they were assumed to be uniform across each 
collection method.  
• Price paid for batteries per tonne will be equal across each collection method apart from 
the Moneyback scheme which will require compensation of consumers based on the 
delivery driver allowance as per the Fair Work Ombudsman award wages. 
• Analysis is performed independent of the location of the processing plant as it is 
assumed that this decision will be consistent across each collection method. 
• Home improvement stores are assumed to be the logical supplier of HS LIB packs. 
 
Points Collection 
Method 
Explanation 
1 Moneyback $149,816 per tonne based on government subsidised consumer freight from 
expected 365,288 homes with waste batteries (2036 numbers) to 600 
existing collection points (rubbish tips) around the country. Truck freight 
will be used to transport the EOL LIBs from the tips to the designated 
location of the processing plant. 
3 Home 
Exchange 
$29,223 per tonne based on truck freight from 365,288 homes with waste 
batteries (2036 numbers) to processing plant 
3 Kerbside 
Collection 
$29,223 per tonne based on truck freight from 365,288 homes with waste 
batteries (2036 numbers) to processing plant 
5 Manufacturer $6,087 per tonne based on truck freight from 1,500 EV car dealers and 
74,590 homes with HS packs to processing plant. 
5 Lead Acid $1,600 per tonne based on truck freight from 20,000 existing EOL battery 
collection locations as per planet ark database. 
Table 11: Economic Burden of collection methods 
 
Risk to environment 
Quantification of the risk of a collection method was based on a “risk unit” calculation. This 
involved multiplying the number of locations required for pickup of the batteries (at the highest 
risk stage of collection) by a weighting based on the physical act of collection. The weighting 
of the physical collection method is as follows: 
 
Weighting Description of physical collection method 
1 (High Risk) Side of road pickup 
2 (Moderate Risk) Self-transportation by consumer 
3 (Low Risk Bulk road freight and professional collection. 
Table 12: Weighting of physical collection method 
 
These weightings are applied as follows: 
𝑅𝑖𝑠𝑘 𝑈𝑛𝑖𝑡𝑠 = 𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔 ∗ 𝑃𝑖𝑐𝑘𝑢𝑝 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 
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Points Collection 
Method 
Explanation 
1 Kerbside 1,095,864 risk units calculated based on side of road pickup from 365,288 
different locations. 
3 Moneyback 730,576 risk units calculated based on consumer transport of EOL LIBs 
from 365,288 different locations to rubbish tips. 
3 Manufacturer 730,576 risk units calculated based on consumer transport of EOL LIBs 
from 365,288 different locations to car dealers and home improvement 
stores. 
3 Lead Acid 730,576 risk units calculated based on consumer transport of EOL LIBs 
from 365,288 different locations to collection centres. 
5 Home 
Exchange 
365,288 risk units calculated based on professional and bulk freight 
physical collection of EOL LIBs from 315,000 different locations. 
Table 13: Risk to environment of collection method  
Emissions 
Emissions were quantified based on fuel consumption of the relevant transport method as this 
translates to the effective emissions of the collection method. A similar process to that used to 
quantify economic burden was followed: 
 
1) The fuel consumption of the required type of road freight is determined: 
 
Type of Transport Fuel Consumption 
Small Rigid Trucks 29L per 100 Kilometres 
Articulated Trucks 55L per 100 Kilometres 
Private Car  10L per 100 Kilometres 
 Table 14: Fuel Consumption of Transport Method [31] 
 
2) As it is difficult to accurately quantify the number of freight kilometres travelled for each 
collection method, the number of locations requiring collection of EOL LIBs was 
determined and used as a comparable factor. This implies that the more locations a 
collection method has, the more kilometres will need to be travelled thus resulting in 
greater fuel consumption. 
3) The applicable fuel consumption rate based on mode of transport is multiplied by the 
number of locations requiring servicing to produce an effective fuel consumption 
quantity: 
 
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑢𝑛𝑖𝑡𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙 = 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗ 𝑝𝑖𝑐𝑘𝑢𝑝 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 
Assumptions: 
• Other emissions relevant to the collection method are insignificant as no major 
construction work or processing system is required. 
• Analysis is performed independent of the location of the processing plant as it is 
assumed that this decision will be consistent across each collection method. 
• Home improvement stores are assumed to be the logical supplier of HS LIB packs. 
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Points Collection 
Method 
Explanation 
1 Kerbside 10,593,352 volumetric units per 100km based on small rigid truck freight 
from 365,288 homes with waste batteries to plant. 
1 Home 
Exchange 
10,593,352 volumetric units per 100km based on small rigid truck freight 
from 365,288 homes with waste batteries to processing plant. 
4 Lead Acid 4,232,880 volumetric units per 100km based on small vehicle freight from 
365,288 homes with waste batteries (2036 numbers) to 20,000 existing 
EOL battery collection locations. Small rigid truck transport from these 
locations to processing plant. 
5 Manufacturer 3,735,380 volumetric units per 100km based on small vehicle freight from 
365,288 homes with waste batteries (2036 numbers) to 1,500 EV car 
dealers. Articulated truck transport from these locations to processing 
plant. 
5 Moneyback 3,685,880 volumetric units per 100km based on small vehicle transport 
from expected 365,288 homes with waste batteries (2036 numbers) to 600 
existing collection points (rubbish tips) around the country. Articulated 
trucks will be used to transport the EOL LIBs from the tips to the 
designated location of the plant. 
  Table 15: Emissions analysis of collection method 
 
 
Social Acceptance  
Evaluation of social acceptance will be based on: 
1) Ease of integration of the recycling plant into existing communities and waste 
management systems  
2) Contribution made to the alteration of poor behavioural traits of consumers and society 
with respect to LIB recycling.  
The award of points to each of the methods with respect to level of social acceptance is best 
described as follows: 
 
Points Description 
1 (Worst) Not easy to integrate and no alteration of community behaviour    
3 (Moderate) Easy to integrate OR achieves behavioural change 
5 (Best) Easy to integrate AND achieves behavioural change 
Table 16: Points system for Social Acceptance criteria 
This scale is then employed as follows: 
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Points Collection 
Method 
Explanation 
1 Kerbside Although this method ties in with council kerbside collection, a totally 
separate transportation system to normal household waste would be 
required to cater for the hazardous waste LIBs. This would achieve no 
change to existing poor consumer behaviour which is exhibited by low e-
Waste collection rates. 
3 Lead Acid Easily integrates into existing battery collection system and infrastructure. 
Behaviour will not change significantly as consumers will not be forced to 
change existing habits. Will result in ease of acceptance but not a 
behavioural change. 
4 Home 
Exchange 
Follows similar model to that of gas cylinder exchange system, but no real 
integration into the existing system. Easier regulation and approval process 
as this style of collection is already in use. Would alter behaviour as 
consumers must be involved in recycling process when batteries finally 
require replacement. 
5 Moneyback Use of existing rubbish tips as collection points allows for easy integration 
into existing infrastructure and waste collection systems Will also result in 
a major shift in attitude towards e-waste recycling as has been observed 
with PET bottle collection in South Australia. 
5 Manufacturer Integrates into existing dealer networks and home improvement stores and 
allows consumers to continue to perform all major work performed by 
professionals supplied by the manufacturer. Forces behavioural change in 
industry and requires consumers to return batteries for new ones to 
recognise the importance of closed loop manufacturing. 
Table 17: Social Acceptance of Collection Methods 
Scalability 
The scalability of the collection methods was assessed based on the ability to add transportation 
and collection avenues to each solution. In addition, the ability for private enterprise to enter 
the market was identified as a major contributor to scalability. The points awarded to each of 
the methods with respect to scalability is best described as follows: 
 
Points Description 
1 (Worst) Requires significant government capital investment for expansion with major 
logistical implications. 
3 (Moderate) Requires moderate increase in government operational costs with achievable 
logistical changes required. 
5 (Best) No government investment or intervention required in scaling of the collection 
method. 
Table 18: Points system for Scalability criteria 
 
The scale is then employed as follows: 
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Points Collection 
Method 
Explanation 
1 Moneyback Requires addition of moneyback collection centres (rubbish tips) as cities 
grow which will require a significant capital investment from the 
government in office. 
3 Kerbside Requires significant resources from government to grow trained workforce 
and any expansion in freight capacity. Addition of trucks is easy to achieve, 
but expensive. 
4 Home 
Exchange 
Requires growth in numbers of technicians and drivers willing to visit 
homes to perform exchanges and pickups. It is also reliant on state funding 
unless private enterprise can achieve economic feasibility in the sector. 
Addition of trucks is easy to achieve, but expensive. 
5 Lead Acid Expansion occurs organically with growth in economy as new collection 
points open at new industry centred locations such as mechanics and 
marinas.  
5 Manufacturer Scaling occurs with growth in private sector without the need for 
government investment or intervention. This is a form of organic scaling. 
Table 19: Scalability of Collection Methods 
Timeliness 
Timeliness of the collection method was quantified based on the extent to which consumers 
were relied upon to deliver batteries to collection points. As described in the survey conducted 
by Planet Ark on the attitudes of consumers towards the recycling of batteries, home consumers 
are most likely to delay the process. Contrarily, the involvement of professionals and any 
exchange system will force the delivery of batteries to collection centres in a timely manner. 
The award of points to each of the methods with respect to timeliness is best described as 
follows: 
Points Description 
1 (Worst) Entirely reliant on consumer delivery. 
3 (Moderate) Partly reliant on consumer delivery with some professional or trained 
individual involvement. 
5 (Best) Requirement for delivery of EOL LIBs to collection centre on replacement of 
batteries by professional. 
Table 20: Points system for Timeliness criteria 
This scale is employed as follows: 
 
Points Collection 
Method 
Explanation 
1 Kerbside Entirely consumer reliant to leave batteries on curb 
2 Moneyback Entirely consumer reliant as to when batteries are taken to collection point. 
Monetary incentive does encourage delivery. 
 
3 Lead Acid Partially reliant on consumers to deliver batteries to collection centres and 
then handled by professionals 
5 Home 
Exchange 
Entirely professional.  
5 Manufacturer Entirely professional. 
Table 21: Timeliness of Collection Methods 
A summary of the points scored for each criterion is presented in section 3.1.3.2 as an overview 
of the analysis of the proposed collection methods. 
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3.2  Location and Scale 
Secondly, the location and scale of the recycling plant must be optimised with respect to 
throughput capacity and number of plants commissioned around Australia. This section will 
primarily focus on how centralisation and economies of scale impact capital cost, the 
environment and risk. Specifically, this analysis will be based on the following criteria: 
Criteria Ranking 
(Weighting) 
Justification 
Economic 
Burden 
(Capital 
Expenditure 
and M&O 
Costs) 
1 (20%)  Success and sustainability of the recycling system relies heavily 
on the cost to the government and greater economy. Opportunities 
to reduce costs significantly will be found at this stage of the 
system (assess quantifiably). Consider impact of monopolised, 
state owned recycling centre. 
Emissions 2 (20%) Impact on battery lifecycle emissions is vital in assessing the 
bottom-line benefit to the environment. It will be vitally important 
to determine whether nation-wide transport will be more, or less, 
efficient that small scale plants.  
Social 
Acceptance and 
Ease of 
Integration 
3 (18%) Although not vital to the feasibility of a collection system, 
community acceptance and adoption of the proposed plan will lead 
to higher collection rates and encourage a shift in consumer 
behaviour. This will be assisted by any opportunity to integrate 
with existing infrastructure. 
Risk to 
Environment 
and Safety 
4 (16%) Transportation of batteries and location of plant could pose serious 
environmental and safety risk to surrounding communities. This 
will also impact any requirement for changes to government 
regulation. 
Scalability 5 (16%) Ability to expand the system will be important as the population 
grows and LIBs are employed in more remote areas. However, this 
is a more long-term issue as any proposed system will be required 
to take into account projected growth rates in the near future. 
Timeliness 6 (10%) Timely delivery of batteries from EoL locations to recycling plant 
is moderately important to ensure storage hazards are not 
unnecessarily facilitated and steady flow of material maintained.  
Table 22: Location and Scale Evaluation Criteria 
3.2.1 Government Regulation 
A major assumption of the evaluation of the Location and Scale of the processing plant is the 
implementation of streamlined LIB transportation regulations by the federal government. As 
was outlined in section 3.2.1 Logistical and Safety Concerns, it is currently illegal to transport 
waste LIBs across state borders without express approval from the federal government due to 
a lack of specific hazardous waste classification. As part of the decision on the Location and 
Scale of the processing facility, it is recommended that regulations similar to section 173.185 
of the Code of Federal Regulations in the United States is adopted to streamline the 
transportation of LIBs [32]. 
Some of the key features of the document include: 
a. Enhanced packaging and hazard communication requirements for lithium batteries  
b. Replacement of equivalent lithium content with Watt-hours for lithium ion cells and 
batteries 
c. Adopt separate shipping descriptions for lithium ion batteries 
d. Revise provisions for the transport of small and medium lithium cells and batteries  
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e. Revise the requirements for the transport of large mass and size lithium batteries for 
disposal or recycling 
f. Adopt provisions for transport of damaged, defective, and recalled lithium batteries. 
This will allow for significantly improved mobility of EOL LIBs and improve accessibility of 
recyclers to the waste product. 
3.2.2 Proposed Processing Plant Locations and Sizes 
Table 23 summarises the sizes and locations of potential processing facilities based on global 
and local examples in both LIB and alternate battery chemistry recycling.  
Location Scale 
Single, Nationwide 
Centralised Plant  
Based on waste LIB projections, plant will have to accommodate 
entirety of 130,000 tonnes of waste per year by 2036. 
State Centralised Plants 4 state centralised plants with 3 located on east coast and 1 located 
in Western Australia. To accommodate expected waste growth, 
these plants will be designed to handle 33,000 tonnes of LIBs per 
year by 2036. 
Local Plants Based on existing, small scale LIB recycling projects around the 
globe, a 3000 tonne per year capacity per plant will be designated. 
This will require 44 locally dispersed plants around the country [33]. 
Expansion of existing LAB 
plants 
State centralised expansion of 4 existing LAB recycling plants 
currently located in New South Wales and Queensland. This will 
require a capacity in the order of 33,000 tonnes per year by 2036. 
Offshore Processing As a control measure, the continued offshore processing of batteries 
is included for consideration. 
Table 23: Potential Location and Scale Options 
3.2.2.1 Overview 
The analysis of the most appropriate location and scale of proposed recycling plants is presented 
in Table 24: Analysis of location and size of propose plant(s). 
Criteria 
Ranking 
(Weighting) 
Exportation 
Single 
Plant 
State 
Centralised 
Local 
Plants 
Existing 
Expansion 
Economic 
Burden 
1 (20%) 1 5 4 2 3 
Emissions 2 (20%) 1 2 3 4 3 
Social 
Acceptance 
3 (18%) 2 5 5 1 5 
Risk to 
Environment 
and Safety 
4 (16%) 1 3 3 3 3 
Scalability 5 (16%) 1 2 3 4 3 
Timeliness 6 (10%) 1 2 3 5 3 
TOTAL 
(Weighted) 
100% 1.18 3.3 3.56 3 3.36 
Table 24: Analysis of location and size of propose plant(s) 
From this overview, it was determined that four state centralised recycling plants with a 
capacity of 33,000 tonnes per year will provide the best compromise of good performance, 
reduction in cost and emissions whilst reducing the impact on local communities.   
3.2.2.2 Critical Analysis of Proposed Facilities 
The following analysis of proposed plants was performed for each of the criteria outlined in 
Table 6 above. Each of the proposed plant(s) is then awarded points appropriately where 1 is 
worst and 5 is best. 
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Economic Burden 
The economic burden of the location and size of the proposed plants is quantifiably analysed 
by considering required capital expenditure. A scaling factor that considers the effects of 
economies of scale on plant capital expenditure was used to scale costs based on a proposed 
small-scale plant in Montreal, Canada [33]. 
Designed by Sedgman Pty. Ltd., the plant has an expected throughput of 3000 tonnes per year 
with a $6 million capital expenditure and $10,000 operating costs. It is assumed that these 
operating costs do not change between plants. The capital expenditure is then scaled, based on 
a widely used scaling factor of 0.6, as follows [34]: 
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = 𝐵𝑎𝑠𝑒 𝐶𝑜𝑠𝑡 ∗ (
𝑠𝑖𝑧𝑒 𝑛𝑒𝑤
𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒
)
0.6
 
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = $6,000,000 ∗ (
𝑠𝑖𝑧𝑒 𝑛𝑒𝑤
3000 𝑇
)
0.6
 
Figure 10: Economies of Scale Scaling Factor 
 
Applying this equation yields the following results: 
 
Points Location and 
Size 
Explanation 
1 Exportation Waste LIBs are bought at low prices by overseas recyclers and no capital 
expenditure is required for new plants. A $3.4 million5 cost of shipping 
must be included as an operating cost as this is not considered in collection 
method calculations and is unique to offshore shipping of waste. The 
significant opportunity cost of shipping the valuable metals offshore is also 
considered at $969.93 million as per the analysis of NMC in section 4.1.2.  
2 Local Plants 44 local plants with a capacity of 3000 tonnes per year and a unit capital 
expenditure of $6 million results in a total cost of $264 million.  
3 Expansion Based on a $20 million capital cost of expansion of Retriev Technologies 
LAB plant in Ohio to accommodate 3000 tonnes per year of LIB waste. 
Scaled using the equation in Figure 10 for 130,000 tonnes per year of waste 
results in a $192 million cost [35]. 
4 State 
Centralised 
Based on a $6 million capital cost of Sedgman small scale plant to 
accommodate 3000 tonnes per year of LIB waste. Scaled using the 
equation in Figure 10 for 4 33,000 tonnes per year plants results in a $101.7 
million capital expenditure. 
5 Single Plant Based on a $6 million capital cost of Sedgman small scale plant to 
accommodate 3000 tonnes per year of LIB waste. Scaled using the 
equation in Figure 10 for 1 130,000 tonnes per plant results in a $101.7 
million capital expenditure. 
Table 25: Economic burden of proposed plant(s) 
 
 
 
                                                 
5 3 cents per net tonne kilometre * 130,000 tonnes of waste * 8,600 kilometres of shipping distance to China 
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Emissions 
Assuming the recycling method used for each solution is the same, and therefore emits the same 
amount of GHGs per tonne of batteries, transportation distance from the end of use 
manufacturer collection points to the plant will quantify the emissions as follows:  
 
Points Location and 
Size 
Explanation 
1 Exportation Transportation to major ports, and then via sea freight to China will 
produce the most emissions as the recycling plant is furthest from the 
collection points. This system also requires transport of valuable metals 
back to Australia. 
2 Single Plant Average furthest distance from all collection points (in Australia) and will 
require highly emissive road freight system. 
3 State 
Centralised 
Less distance than single, nationwide plant and significantly more than 
local plants from manufacturer collection points. 
3 Expansion Less distance than single, nationwide plant and significantly more than 
local plants from manufacturer collection points. 
4 Local Plants Decentralised plants will reduce travel distance to a minimum and likely 
minimise emissions as a result. 
Table 26: Emissions comparison of proposed plant(s) 
 
 
Social Acceptance 
Evaluation of social acceptance will be based on the impact that the proposed recycling plant 
has on local community wellbeing. An investigation into the impact of industrial activity of 
suburban communities revealed “that industrial activity is associated with perceptions of 
individual powerlessness and neighbourhood disorder, leading to higher levels of psychological 
distress” [36]. This encourages a focus on reducing industrial activity in suburban communities 
in the interest of social acceptance of any proposed plant.  
 
Points Location and 
Size 
Explanation 
1 Local Plants High numbers of local plants run more prominently by private enterprise 
may be seen negatively by local communities due to the nature of the 
processing techniques. Fumes and waste from the plant (general industrial 
activity) impacts community morale. 
2 Exportation No disruption to local Australian communities. However, some unrest 
from environmental and human rights groups may occur due to less 
stringent regulations in offshore processing. 
5 State 
Centralised 
Can locate relatively large-scale plants away from local communities. 
5 Expansion Can locate relatively large-scale plants away from local communities. 
5 Single Plant Removes recycling facility from local communities completely. 
Table 27: Social acceptance of proposed plant(s) 
 
 
Maxwell Buckley LIB Recycling System - Australia Honours Thesis 
32 
 
Risk to Environment and Safety 
The risk to the environment and safety of the community was investigated extensively to 
determine the effect of centralisation on risk diversification. Initially it was found that 
centralisation of operations in high density (production capacity per m²) recycling plants can 
reduce costs and allow for easy containment of plant failures. However, it was also noted that 
these plants often lead to higher risk of environmental contamination and safety issues during 
transport of waste. After considerable research, it was determined that the relationship between 
environmental and safety risks and degree of centralisation in take-back industries was too 
complex to compare. According to A. Clarke-Sather: 
“It is not possible to say that a centralized or decentralized strategy to facility location is in 
general best for a company that takes back products. Each company’s specific concerns, needs, 
and supply chain details will determine which degree of centralization creates the optimal 
strategy for siting their facilities.” [37] 
As such, all locally performed recycling is awarded the same points at a moderate level of risk 
to both the environment and stakeholders. However, the significant logistical and transportation 
effort required to export batteries to offshore processing facilities, and potential for lower safety 
standards, increases this risk level significantly for exportation of EOL LIBs. 
Scalability and Adaptability 
The degree of centralisation of recycling and manufacturing appears to be correlated with 
overall flexibility and scalability of production capacity. Decentralised networks will offer 
greater scalability opportunities due to the ability to diversify capital expenditure and scrutinise 
contextual requirements of local communities [38]. In addition, the consistently changing 
energy storage market will require agility to ensure any infrastructure is able to be modified to 
facilitate new waste. The scalability and adaptability criteria was therefore assessed based on 
the degree of centralisation of the recycling plants: 
Points Plant Explanation 
1 Exportation Scalable to the extent that overseas processors are willing to take 
Australian waste. Not in the control of local industry leaders and offers 
very little flexibility in adapting to any changes in the market as has been 
realised in the plastic recycling crisis currently being experienced in 
Australia. This is particularly relevant given recent issues experience with 
offshore plastic recycling in China. 
2 Single Plant Low agility and scalability as a highly centralised, single plant with 
significant initial capital expenditure. Any expansion will require further 
significant expenditure to expand capacity tangibly. 
3 State 
Centralised 
More scalable than the single, centralised plant and allows for state context 
to be considered in any further expansion or adaptations required. Will still 
require significant state investment to encourage scaling for greater 
demand. 
3 Expansion More scalable than the single, centralised plant and allows for state context 
to be considered in any further expansion or adaptations required. Will still 
require significant state investment to encourage scaling for greater 
demand. 
5 Local Plants Highly agile and scalable with requirement for small one-off investments 
that may attract private investment interest. Can be tailored to specific 
demands of local communities and diversifies risk in terms of potential 
changes to waste feeds. 
Table 28: Scalability and adaptability of proposed recycling plant(s) 
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Timeliness 
The timeliness of transporting of waste batteries to processing facilities is assumed to be 
inversely proportional to the number of facilities available for recycling. Decentralised systems 
will offer lower transit times, greater ability to recycle on demand and redundancy in the event 
of plant shut down: 
 
Points Location and 
Size 
Explanation 
1 Exportation Will require a long lead time from collection from end of life application 
to ports and then via sea freight to offshore processing centre. 
2 Single Plant One centralised plant in country. Time taken to deliver batteries and inject 
them into large scale waste feed will be significant. Any downtime of 
recycling plant will result in  
3 State 
Centralised 
State centralised plants significantly reduce transit times for waste LIBs in 
comparison to a single plant and offer greater redundant capacity to cater 
for plant shut downs.  
3 Expansion State centralised plants significantly reduce transit times for waste LIBs in 
comparison to a single plant and offer greater redundant capacity to cater 
for plant shut downs. 
5 Local Plants Local plants are extremely agile and are located close to the collection 
points of EOL LIBs. Significant redundancy capacity is also high 
beneficial for reducing time taken to process waste. 
Table 29: Timeliness of proposed plant(s) 
 
A summary of the points scored for each criterion is presented in section 3.2.2.1 as an overview 
of the analysis of the proposed plant sizes and locations. 
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3.3      State Centralised Recycling Plant - Process 
This section will define the process by which an end of life battery will be either repurposed or 
recycled into useful material. A mix of proven techniques and cutting-edge technology is 
proposed to improve the flexibility and recovery rate of the system.  
The state centralised recycling plants will consist of a four-stage process: 
1. Battery pack usefulness assessment 
2. Dismantling 
3. Pyrometallurgical processing 
4. Hydrometallurgical processing 
The decision to employ a hybrid Pyrometallurgical and Hydrometallurgical recovery system is 
based on a basic analysis of the high-level costs and benefits of available recovery techniques: 
 Low Energy 
Consumption 
Non-discriminatory 
waste feed 
(Chemistry) 
Simple Battery 
Preparation 
Technique 
Toxic Gas 
Emissions 
Pure 
Metal 
Recovery 
Mechanical  √ x x x x 
Pyrometallurgical x √ √ √ x 
Hydrometallurgical √ x x √ √ 
Table 30: Costs and benefits of available recovery techniques 
The combination of both metallurgical methods eliminates the need for potentially expensive 
sorting requirements and mechanical pulverisation of feed EOL LIBs whilst achieving pure 
material recovery. Umicore™ in Belgium have successfully implemented this process and have 
noted the numerous benefits that it offers including: 
• A higher metal recovery rate compared to existing processes and the output of directly 
marketable products. 
• Direct feeding of the batteries, which avoids the need for any potentially hazardous pre-
treatment 
• Reduction of the consumption of energy and CO2 emissions by using the energy present 
inside the battery components (electrolyte, plastics and metals) in process. 
• Generation of close to zero waste 
 
Quoted directly from the Umicore website [39]. 
3.3.1 Stage One – Battery pack assessment and repurposing 
Before EOL LIBs enter the recovery process, the system will aim to identify those packs eligible 
for repurposing. Battery repurposing involves the reengineering of a battery with an acceptable 
amount of remaining capacity (usually considered 80% in EV applications) for a stationary 
storage application. This has the potential to significantly lower the life cycle cost of the battery 
by increasing its value following the original end of use application. Repurposing identifies the 
lack of constraint on required battery density in stationary storage applications [40]. 
Following transportation from the car manufacturer based collection sites, where technicians 
will be required to provide a condition report on the LIB including remaining capacity, 
government technicians at the state centralised recycling plant will assess each report on large 
packs on a case by case basis. Following confirmation of the acceptable condition of the battery, 
which will be primarily based on the 80% remaining capacity of EV packs, the waste stream 
will be split into two: 
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1) Candidates for repurposing – these packs will be sold on to existing private enterprise 
for reconfiguration into home energy storage solutions [41]. 
2) Waste feed for the recovery process – truly EOL LIBs will be fed into the recovery 
process for conversion to raw materials. 
3.3.2 Stage Two – Dismantling 
It is noted that due to the hybrid recovery process proposed for use in the recycling plant, the 
discharging and mechanical pulverisation of the waste feed LIBs will not be required. However, 
the dismantling of the large EOL packs will still be required to isolate battery cells from 
supporting infrastructure. 
It is envisaged that this will eventually be developed into a totally automated system to 
eliminate the risk of injury and incomplete disassembly that may occur with human dismantlers. 
However, due to the complexities and limitations of currently available robotic control and 
dismantling systems, initial recycling will require the human based deconstruction of EOL 
LIBs. The dismantling system employed by these workers will be based on the study conducted 
into the disassembly of an Audi Q5 hybrid battery. The study proposed an optimised method 
and work station design for disassembly of EV and HS LIB pack with the intention of reducing 
safety risks and time spent on each battery. The process is described as follows: 
1) Batteries are transported from stock to work station via a conveyor belt system 
2) Two human dismantlers working at a single work station receive the EOL LIB 
3) Electrically isolated tools for dismantling located nearby on labelled board for easy 
access and ease of organisation 
4) Battery pack is dismantled via loosening of screws and removal of supporting 
infrastructure by workers. 
5) Packs are separated into electronics, residual materials and the primary battery module 
6) Supporting infrastructure (electronics, residual materials) are placed into bins for 
alternative recycling processes 
7) Battery modules are placed on next conveyor belt for transport to the pyrometallurgical 
stage of the recycling process 
This disassembly process is illustrated in  Figure 11 [42]. 
 
Figure 11: Battery dismantling system 
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This disassembly process will have to be scaled appropriately depending on the required 
capacity of the state centralised recycling plant. Additionally, opportunities exist for part and 
total automation of the process depending on the advancement of robotic control and sensor 
systems in the coming years. This disassembly process offers a scalable and adaptable approach 
to isolating LIB modules for recovery and will be employed in a proposed plant. 
3.3.3 Stage Three – Pyrometallurgical Processing 
Following dismantling, LIB modules will be conveyed to a smelter which will perform the 
pyrometallurgical recovery stage of the recycling plant. Pyrometallurgical processes require the 
heating and addition of energy to encourage reactions that will transform the solid material that 
is to be recycled. This can include a range of lower to higher temperature treatments including 
pyrolysis, smelting, distillation and refining.  
In this case, high temperature smelting, which is often used for treatment of LIBs, will convert 
the batteries into 3 fractions including: 
1) An alloy containing the valuable metals from the battery packs that will be transported 
to the final hydrometallurgical stage of recovery 
2) A slag fraction which can either be used for construction of for further metal recovery 
3) A gaseous phase that can contain volatile metals and organic decompositions (such as 
Mercury (Hg) and Zinc (Zn) that may have been in the battery [43].  
The presence of the gas phase in the smelting of the batteries will require a comprehensive 
cleaning system designed to neutralise, capture or decompose all potential dioxins, volatile 
organic compounds or Fluorine in flue dust.  
The metal alloy product of the process will then be transported via conveyor or bin to the 
hydrometallurgical stage of recovery. The pyrometallurgical process is illustrated in Figure 12. 
 
Figure 12: Pyrometallurgical stage of recovery [44] 
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3.3.4 Stage Four – Hydrometallurgical Refinement 
The metal alloy product of the pyrometallurgical recovery stage is then transported to a 
chemical processing plant where it is first leached. This will involve the mixing of the battery 
material with a sulphuric, hydrochloric, or nitric acid to dissolve the solid material into a 
solution. At temperatures of 50°C and 80°C this causes a heavy metal solution to form. To 
further isolate Cobalt and other valuable metal ions, a combination of extraction agents will be 
used, such as Phosphoric, Phosphonic and Phosphinic acids, to improve product purity.  
An alkaline precipitant, such as an Oxalate solution for recovery of Cobalt is then used to 
solidify the desired metals as part of the next stage of chemical processing [45]. This will emit 
toxic gases such as chlorine, and thus waste water will be treated to ensure the completion of 
the closed loop cycle [46]. Electrolysis was considered as a potential method to precipitate out 
desired metals, but this requires significant amounts of energy to pass current through the 
leaching solution which was deemed incompatible with the aim of reducing process emissions. 
This process, when performed on pre-treated and crushed battery dust, has achieved 99.5% 
recovery rates of valuable metals and will produce metals ready for resale into the market. A 
high-level illustration of the hydrometallurgical process is illustrated in Figure 13. 
 
Figure 13: Hydrometallurgical stage of recovery  
3.4    Resale Approach 
Following the completion of the process performed in the recycling plant as outlined above, the 
valuable materials will be stockpiled at the respective state centralised locations for resale onto 
the raw materials market. A central government body will oversee the sale of the products to 
customers, ensuring the setting of fair prices in line with that of current world markets. To 
ensure ongoing improvement of the system, the body will be encouraged to act as a profitable 
division (effectively privatised under state control) with the vision to economically justify the 
implementation of the recycling system. 
3.5    Conclusion 
This will complete the closed loop life cycle of the LIBs that are collected and recycled by the 
recycling system. Based on the assessment techniques employed, consideration of the 
Australian context in decision making and application of leading processing techniques, this 
system will provide the most effective solution to disposing of EOL LIBs. A high-level flow 
diagram is presented on the following page to summarise the results of the analysis. 
Or 
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3.6    High Level Flow Diagram 
 
Figure 14: High-Level Flow Diagram of EOL LIBs  
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4 Economic and Lifecycle Emissions Analysis 
To provide a complete overview of the proposed recycling system and to allow for comparison 
with alternate solutions, an economic and lifecycle emissions analysis is presented. Given 
current material prices, transport and processing costs, emissions factors and literature on 
emissions of recovery techniques, the proposed system proves to be both profitable and 
beneficial to the life cycle of the recycled LIB. 
4.1      Cost Benefit Analysis of Proposed System 
A yearly cost benefit analysis is performed on the entire system from collection of LIBs to 
resale onto the raw materials market. 
4.1.1 Assumptions 
Assumptions in the calculation of the cost benefit of the system are as follows: 
• System is implemented as advised in section 3 Australian LIB Recycling System  
• System is complete by year 2036 
• Waste mass of LIBs reaches 130,000 tonnes by 2036 
• Yearly calculation is based on 2036 waste  
• Cost benefit analysis is performed with respect to government outlays and receipts 
• Cost to economy and private enterprise is not considered 
• Conservative assumption that prices of materials will not improve from 2016 levels 
• Feed chemistry will be assumed to be the less valuable Nickel Manganese Cobalt Oxide 
variant, which is popular in EV applications and offers a conservative estimate of the 
valuableness of embodied materials. 
• 65% recovery of valuable materials is achieved by the recovery process [46] 
• Calculated in USD, current exchange rate used for comparison 
• It is assumed that waste and collection locations are distributed evenly across the 4 states 
with recycling plants 
• 7-year gestation period 
• There is no growth in LIB waste production following the year 2036 
4.1.2 Overview 
Implementation of the system summarised in Figure 14 will yield the following yearly income 
statement given the assumptions above and compared based on the most common LIB battery 
chemistries in use in EV and HS battery packs: 
Line Item  Unit Value ($ per tonne) Revenue (Expense) $ mil 
Revenue from LCO Waste Feed: 15,148 1,969.24 
OR   
Revenue from NMC Waste Feed 7,461 969.93 
OR   
Revenue from LFP Waste Feed 631.5 82.1 
Less:   
Plant Operating Costs 4,960 (644.8) 
Collection Costs  (6.838) 
Fixed Costs  (0.833) 
EBITDA:   
LCO  1316.8 
NMC  317.5 
LFP  (570.4) 
Table 31: Yearly Cost Benefit Analysis of LIB Recycling 
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The variability in profitability based on waste feed batteries highlights the reliance of LIB 
recycling on current commodity prices for those materials contained in the respective cell. This 
is further discussed in section 5. 
For the purposes of assessing payback period and net present value of the system based on a 
20-year plant life, it was assumed that approval, engagement with industry for the manufacturer 
based collection method and engineering, procurement and construction will take 7 years. This 
will allow commissioning in the year 2026. Revenues from recycling in years preceding 2036 
are calculated based on the 20% growth rate presented by Randell Environment Consulting in 
the projection of LIB waste mass using the most likely case of EV uptake. As presented in Table 
38 in the Appendix, the net present value of the system based on each of the different LIB 
variants is as follows: 
1) Lithium Cobalt Oxide - $12,966,000,000 
2) Lithium Nickel Manganese Cobalt Oxide - $3,022,300,000 
3) Lithium Iron Phosphate - $ (5,812,510,000) 
Meanwhile, payback period for the initial capital expenditure is: 
1) Lithium Cobalt Oxide – 1 year 
2) Lithium Nickel Manganese Cobalt Oxide – 3 years 
3) Lithium Iron Phosphate – Not capable of profit 
Given the highly variable nature of metal prices and the composition of the waste feed supplied 
to the recycling plant, the popular NMC LIB chemistry appears to offer the most reasonable 
and balanced estimation of the profitability of the plant. Details of the calculation of the costs 
and revenues are presented as follows: 
4.1.3 Capital Expenditure and Fixed Costs 
The expected capital expenditure required for the state centralised processing facilities is 
calculated by scaling up the latest estimate for a small-scale LIB recycling plant. 
Designed by Sedgman Pty. Ltd., the plant has an expected throughput of 3000 tonnes per year 
with a $6 million capital expenditure [33]. The capital expenditure is then scaled, based on a 
widely used scaling factor of 0.6, as follows [34]: 
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = 𝐵𝑎𝑠𝑒 𝐶𝑜𝑠𝑡 ∗ (
𝑠𝑖𝑧𝑒 𝑛𝑒𝑤
𝑠𝑖𝑧𝑒 𝑏𝑎𝑠𝑒
)
0.6
 
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = 6,000,000 ∗ (
33000
3000
)
0.6
 
𝑁𝑒𝑤 𝐶𝑜𝑠𝑡 = $25,300,000 
The reasonableness of this outcome is further confirmed by the $25,000,000 investment made 
by Italian battery recyclers in a 25,000 tonne per year recycling facility [1]. Additionally, this 
facility is estimated to require $833,333 a year in fixed costs which will be included in the cost 
benefit analysis of the Australian recycling plant. 
4.1.4 Collection Method and Transportation Analysis 
Manufacturer based collection of EOL LIBs places significant pressure on private enterprise 
and the consumer to contribute to the recycling process. This analysis focuses on the cost to 
government, which will stem from the cost of transportation of the waste from the EOL location 
to the state centralised processing facility. Transportation of vehicles to car dealers and 
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dismantling of the HS and EV batteries to remove them from their installations will be the 
responsibility of the consumer and manufacturer respectively. Furthermore, the production of 
the condition report by technicians for review by the recycling plant personnel, as outlined in 
section 3.3.1 Stage One – Battery pack assessment and repurposing, will be the responsibility 
of the manufacturer. 
Given the primary cost of collection will be driven by freight expenses, the average distance of 
collection points from the state centralised recycling plant must be determined. In order to 
provide a best estimate of this metric, 4 locations around the country, based on the location of 
existing battery recycling plants were chosen as potential sites. These included: 
1) Unanderra, NSW 90km South of Sydney – Location of current LAB recycling plant 
2) Logan City, QLD 30km South of Brisbane – Location of current LAB recycling plant 
3) Melton, VIC 43km West of Melbourne – Existing major recycling facility 
4) Forrestfield, WA 20km East of Perth – Existing metal recycling facility 
Distances from Central Business Districts to plants were calculated using Google Maps. Given 
the high density of population and therefore LIB use, surrounding metropolitan centres (i.e. 
major cities), it was deemed that this metric was a fair, albeit generalised, estimate of average 
distance of collection points to recycling plants. In order to account for the proportional 
relationship between number of pickup locations and transportation costs, an exponential 
scaling factor is applied to the average distance travelled metric: 
𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 = 𝑑𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 ∗ 𝑒
1+
𝐿𝑝𝑖𝑐𝑘𝑢𝑝
5000   
𝑑𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑓𝑟𝑜𝑚 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 𝑡𝑜 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡 
𝑙𝑝𝑖𝑐𝑘𝑢𝑝 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑐𝑘𝑢𝑝 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 
This implies that the average distance travelled by the waste EOL LIBs after collection 
increases exponentially with an increase in number of pickup locations. 
 The cost of transport can then be calculated as follows: 
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝐹𝑐𝑜𝑠𝑡 ∗ 𝑑𝑒𝑓𝑓 ∗ 𝑚𝑤𝑎𝑠𝑡𝑒 
𝐹𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑓𝑟𝑒𝑖𝑔ℎ𝑡 𝑝𝑒𝑟 𝑛𝑒𝑡 𝑡𝑜𝑛𝑛𝑒 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑟𝑒 
𝑑𝑒𝑓𝑓 = 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 
𝑚𝑤𝑎𝑠𝑡𝑒 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 
Calculation was conducted as follows. Note that cost of freight, waste mass and pickup 
locations have been applied from section 3. Australian LIB Recycling System: 
 Factors EV HS  Total 
State Cost of 
Freight 
Distance, 
km 
Waste 
Mass, 
T  
Pickup 
Locations 
Total, $ 
(EV) 
Waste 
Mass, 
T 
Pickup 
Locations 
Total, $ 
(HS) 
Total, $ 
NSW $0.08 90 30160 375 636254 2275 18648 1855035 2491289 
QLD $0.08 30 30160 375 212085 2275 18646 618345 830430 
VIC $0.08 43 30160 375 303989 2275 18648 886294 1190283 
WA $0.08 20 30160 375 141390 2275 18646 412240 553630 
Total   120640 1500 1293718 9100 74590 3771914 5065632 
Table 32: Transportation costing 
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The manufacturer based collection method is thus estimated to cost $5,065,632 based on truck 
transportation from the collection points (consumer homes for HS and car dealers for EV 
batteries). It is important to note that this costing does not take into account logistical or 
overhead burdens that may have an impact on the cost of collection. A typical overhead burden 
rate for field personnel is reported as a conservative 35% [47]. This yields a total collection 
cost, including burden, of: 
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 = 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 ∗ (1 + 𝑏𝑢𝑟𝑑𝑒𝑛 𝑟𝑎𝑡𝑒)  
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 = 5,065,632 ∗ (1 + 0.35) 
𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 = $6,838,603 
4.1.5 Recovery Process Analysis 
Metal recovery and resale prices drives the profitability of any LIB recycling process. To 
provide a comparison of the potential revenues of different LIB variants, the widely used LCO, 
NMC and LFP chemistries were evaluated based on the compositions outlined in the figures in 
section 2.1 Lithium Ion Batteries and current metal prices available on the London Metal 
Exchange website. 
Line Item  Composition 
(%)  
Market Price 
$/Tonne on 
LME  
Revenue (Cost) 
$/Tonne @ 65% 
Revenue from sale of refined metals:    
Cobalt  24.6 90500 14470 
Aluminium 4 2312 60 
Copper 7 6822 310 
Lithium Carbonate 2.87 16500 308 
Revenue from Lithium Cobalt Oxide 
Battery  
  15148 
Table 33: Cost Benefit Analysis of Recycling LCO Battery 
Line Item  Composition 
(%)  
Market Price 
$/Tonne on LME  
Revenue (Cost) 
$/Ton @ 65% 
Revenue from sale of refined metals:    
Cobalt  10.14 90500 5965 
Aluminium 7 2312 105 
Copper 17 6822 754 
Lithium Carbonate 1.3 16500 140 
Nickel 4.68 14480 440 
Manganese 4.42 2001 57 
Revenue from Lithium Cobalt Oxide 
Battery  
  7461 
Table 34: Cost Benefit Analysis of Recycling NMC Batteries 
Line Item  Composition 
(%)  
Market Price 
$/Tonne on LME  
Revenue (Cost) 
$/Ton @ 65% 
Revenue from sale of refined metals:    
Iron 8.75 110 6.5 
Phosphorous 5 460 15 
Lithium Carbonate 1 16500 107 
Copper 10 6822 443 
Aluminium 4 2312 60 
Revenue from Lithium Iron Phosphate 
Battery  
  631.5 
Table 35: Cost Benefit Analysis of Recycling LFP Batteries 
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The operating costs associated with the processing of the waste batteries through the recycling 
plant is conservatively estimated from historical data gathered from an 18-year-old 
hydrometallurgical recycling plant operated by Toxco in the United States. This operating cost 
rate is assumed to have not improved with advances in technology or economies of scale in the 
expansion of the plant which recently occurred in 2014. The rate is calculated as follows: 
$2.25 𝑝𝑒𝑟 𝑙𝑏 ∗ 2.2
𝑙𝑏
𝑘𝑔
= $4.96 𝑝𝑒𝑟 𝑘𝑔 = $4960 𝑝𝑒𝑟 𝑡𝑜𝑛𝑛𝑒 
This is extrapolated for the throughput of 130,000 tonnes of waste LIBs [48] [35]. 
4.2    Emissions of Recycling System 
Where environmental stewardship is one of the primary objectives of recycling programs, it is 
important to assess the net impact on lifecycle emissions when recovering EOL LIBs. There 
are two major sources of emissions in the proposed recycling system. These include: 
1) Transportation of EOL LIBs from collection points (i.e. car dealers and consumer 
homes) to state centralised recycling plants. 
2) Emissions caused by the 4-stage recovery process used to purify valuable materials 
4.2.1 Assumptions 
Assumptions in the calculation of the emissions of the system are as follows: 
• System is implemented as advised in section 3 Australian LIB Recycling System  
• System is complete by year 2036 
• Waste mass of LIBs reaches 130,000 tonnes by 2036 
• Yearly calculation is based on 2036 waste levels 
• It is assumed that waste and collection locations are distributed evenly across the 4 states 
with recycling plants 
• 7-year gestation period for recycling plant 
• Consumer driving of EV to dealer would have to occur for battery replacement regardless 
of existence of recycling system and is therefore not considered. 
• There is no growth in LIB waste production following the year 2036 
• LCA emissions are based on the German energy mix - 0.596 kgCO2/ kWh 
4.2.2 Overview 
The complete Life Cycle Analysis of GHG emissions of the proposed LIB recycling system for 
Australia can be summarised as follows: 
Line Item  Unit Value (Tonnes of 
CO2e per tonne of Waste) 
Emissions (Tonnes of 
CO2e) 
Transportation Emissions 0.0218 2,837 
Dismantling Emissions .234 30,420 
Recovery Emissions including: 
Pyrometallurgical Stage 
Hydrometallurgical Stage 
Plant Operation 
-1.5 (195,000) 
Net effect on Life Cycle Emissions of 
Lithium Ion Batteries 
-1.244 (161,743) 
Table 36: Emissions Life Cycle Analysis of Recycling System 
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It was determined in a study into the GHG emissions involved in the production of LIBs that 
NMC variant batteries had 2912 kgCO2e of embodied emissions [49]. For a 170kg NMC 
battery, recycling would thus improve embodied emissions by 211.48 kgCO2e, or 7.3%. 
4.2.3 Transportation Emissions 
Quantification of emissions from transportation of EOL LIBs to the recycling plants can be 
performed by first determining total fuel consumption. This can be calculated using the distance 
method presented in section 4.1.4 Collection Method and Transportation Analysis and fuel 
consumption rates from Table 14: Fuel Consumption of Transport Method  The effective 
distance scaling factor was not employed for emissions as calculations only consider distance 
travelled rather than the potential for increased complexity, and thus costs that may be incurred 
with the addition of more pickup locations. 
𝐹𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝐶𝐹𝑢𝑒𝑙 ∗
𝑑𝑒𝑓𝑓
100𝑘𝑚
∗ 𝑙𝑝𝑖𝑐𝑘𝑢𝑝 ∗ 𝑓𝑝𝑖𝑐𝑘𝑢𝑝𝑠 
𝐶𝐹𝑢𝑒𝑙 = 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑝𝑝𝑟𝑜𝑝𝑟𝑖𝑎𝑡𝑒 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑝𝑒𝑟 100𝑘𝑚 
𝑑𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑒𝑑 𝑏𝑦 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 
𝑙𝑝𝑖𝑐𝑘𝑢𝑝 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑐𝑘𝑢𝑝 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 
𝑓𝑝𝑖𝑐𝑘𝑢𝑝𝑠 = 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑝𝑖𝑐𝑘𝑢𝑝𝑠 
It is expected that articulated trucks and small rigid trucks will be required to collect EV 
batteries from car dealers and HS batteries from consumer homes respectively. This will occur 
from each dealer location, twice per year and once for each consumer home. 
 Factors       Total 
State Articulated 
Consumption 
Distance, 
km 
Pickup 
Locations 
Total, L Small Rigid 
Consumption 
Pickup 
Locations 
Total, L Total, L 
NSW 55L/100km 90 375 37125 29L/100km 18648 486713 523838 
QLD 55L/100km 30 375 12375 29L/100km 18646 162220 174595 
VIC 55L/100km 43 375 17738 29L/100km 18648 232541 250279 
WA 55L/100km 20 375 8250 29L/100km 18646 108147 116397 
Total   1500 75488  74590 989621 1065109 
Table 37: Total fuel consumption of manufacturer based collection 
The total fuel consumption of 1,065,109L can then be used to calculate total tCO2e emitted: 
𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒 = 𝑇𝐶𝐹𝑢𝑒𝑙 ∗ 𝐸𝐶𝐹 ∗ 𝐸𝐹 
𝑇𝐶𝐹𝑢𝑒𝑙 = 𝑇𝑜𝑡𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 𝑘𝐿 
𝐸𝐶𝐹 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 = 38.6
𝐺𝐽
𝑘𝐿
  
𝐸𝐹 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑎𝑐𝑡𝑜𝑟 = 69.9
𝑘𝑔𝐶𝑂2𝑒
𝐺𝐽
 
𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒 = 1065.1 ∗ 38.6 ∗ 69.9 
𝑘𝑔 𝑜𝑓 𝐶𝑂2𝑒 = 2,873 𝑡𝑜𝑛𝑛𝑒𝑠 
These values were recovered from the National Greenhouse Accounts Factors document [50]. 
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4.2.4 Dismantling Emissions 
The emissions resulting from the dismantling stage of the recovery process can be quantified 
based on the LIB recycling plant currently run by company LithoRec. Although this is a chiefly 
hydrometallurgical system in pilot stage, the study results offer some indication of the burden 
that the dismantling of large battery packs will place on life cycle emissions [51]. 
𝐷𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑖𝑛𝑔 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  234
𝑔𝐶𝑂2𝑒
𝑘𝑔 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒
 
4.2.5 Net Recovery Emissions 
The net emissions from recovery of valuable materials using the two stage pyrometallurgical 
and hydrometallurgical refinement system completes the lifecycle analysis. By substituting the 
use of virgin metals and materials in battery production for recycled materials, and comparing 
the embodied emissions in each process, a net gain or loss is determined. Romare and Dahllof 
find that there is a significant benefit from the recycling of LIBs using the Umicore™ process 
[51]: 
𝑁𝑒𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  −1500
𝑔𝐶𝑂2𝑒
𝑘𝑔 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒
 
4.3   Conclusion 
Conservative assumptions were made in both the cost benefit and lifecycle emissions analysis 
of the proposed battery recycling system. Despite this, there is compelling evidence that, given 
current metal prices and virgin metal extraction techniques, there is both an economic and 
environmental argument for the implementation of LIB recycling infrastructure in Australia. 
This can be summarised as follows: 
1) Net present value of $3,022,300,000 of a plant processing primarily NMC LIBs 
2) Net emissions credit of 161,743 tonnes of CO2 equivalent greenhouse gasses 
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5  Risks 
There are inherent risks associated with the conclusions presented in both sections 3. Australian 
LIB Recycling System and 4. Economic and Lifecycle Emissions Analysis that must be 
acknowledged and considered before further action is taken. 
5.1       Sensitivity to Metal Prices 
The economic feasibility of the recycling plant is heavily reliant on the market prices for the 
valuable metals recovered from the waste LIBs. Cobalt is the most valuable metal recovered 
from most LIB chemistries and is also one of the most price volatile metals traded worldwide. 
This is primarily due to the high concentration of Cobalt located in the unstable political region 
of the Democratic Republic of Congo, where 58% of world production occurs [52]. Prices 
regularly fluctuate 15% over the course of a single month and could rapidly alter the 
profitability of the propose recycling system.  
For example, at a price of $37,500 per tonne from the end of 2016, the revenue from the 
recycling of NMC variant LIBs falls from the 2018 rate of $7,461 per tonne to $3,968 per tonne. 
Where operating costs alone are $4,960 per tonne, this renders the recycling plant economically 
unfeasible.  
The historical volatility of the Cobalt price, as illustrated in Figure 15, further highlights the 
risk of reliance on current day metal prices to justify large scale recycling projects. To better 
guard against unstable prices, hedging of metal prices at profitable levels could offer a potential 
solution to this issue and confirm the future of the recycling system. This is particularly 
attractive where the profit margin achieved on the recovery of the valuable materials from EOL 
LIBs is so significant. 
 
 
Figure 15: Historical Cobalt Prices [53] 
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5.2  Lithium Ion Battery adoption 
The feasibility of, and demand for, a LIB recycling system in Australia is based heavily on the 
2015 Australian Energy Market Operator study into adoption of electric vehicles and home 
energy storage systems. This report finds that there will be an expect adoption rate of 20% per 
year. Although this is a credible source, there is also a reasonable possibility that lithium ion 
batteries will be replaced as energy storage devices by more energy dense technology. These 
technologies could include but are not limited to [54]: 
1) Hydrogen Fuel Cells 
2) Lithium-Suphur Batteries 
3) Graphene Supercapacitors  
4) Redox flow batteries  
5) Aluminium-graphite batteries 
A shift to one of these alternatives as the preferred method of energy storage for EVs and HS 
systems would require significant alteration of the propose recycling system to accommodate 
for new battery chemistries or storage devices. 
Adaptability of the plant should be a major consideration in any further work conducted. 
5.3       Government Approval 
Any proposed LIB recycling system in Australia will require governmental approval of initial 
capital expenditure and passing of new legislation. The requirement for a $101 million capital 
outlay for the four state centralised plants, justified by highly variable revenue streams and 
waste feed projections, will be difficult to sell to politicians. In addition, the requirement for 
significant changes to the hazardous waste classification system, to allow interstate 
transportation, will need to overcome both bureaucratic inertia and conservative legislators.  
Ongoing issues with the recycling of comingled house waste is further indicative of a poor 
attitude amongst government bodies and communities towards waste management [55].  
To overcome this, there should be a focus on the intangible benefits of the implementation of 
the recycling program, along with exploitation of financial instruments to ensure long term 
profitability of the plant. This will play a major role in convincing government bodies to 
approve any proposed system. 
5.4       Energy Mix Impact on Emissions 
The life cycle analysis of battery recycling emissions relies on the emissions factors relevant to 
the German energy mix. This was a necessary assumption to make given the lack of long 
standing LIB recycling infrastructure located in Australia operating on the Australian electricity 
grid. The highly fossil fuel dependent energy mix of the Australian energy market, as shown in 
Figure 16, would potentially see an increase in the emissions calculated for both the dismantling 
and recovery stages of the recycling plant. 
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Figure 16: Australian Energy Mix [56] 
 
Figure 17: German Energy Mix [57] 
To reduce the impact of emissions from electricity on the life cycle emissions of the LIB 
recycling process, there should be a focus on reducing reliance on highly emissive energy 
production methods. The gradual shift of the Australian energy mix towards renewable 
production methods based on the Renewable Energy Target (RET) of 23.5% will considerably 
reduce this discrepancy which is highlighted by the German energy mix illustrated in Figure 
17.  
5.5 Conclusion 
The author acknowledges the considerable uncertainties present in both the cost benefit and life 
cycles emissions analysis. Although highly relevant to this thesis, reliance on these quantities 
as justification for infrastructure funding should be carefully considered and further 
investigated as part of an exhaustive due diligence process. 
 
Maxwell Buckley LIB Recycling System - Australia Honours Thesis 
49 
 
6  Conclusion 
The aim of this thesis was to develop a complete end of life to raw materials recycling system 
in the Australian context for waste lithium ion batteries. This included a focus on economic, 
environmental and social sustainability based on profitability, emissions reduction and 
community acceptance during development of the proposed system.   
First, a general case for recycling was created based on the expected rapid growth in production 
of waste LIBs from 3300 tonnes per year in 2016 to 130,000 tonnes in 2036. Current battery 
recycling infrastructure and practices, not necessarily specific to LIBs, were then presented. 
This contextualised the issues specific to Australia and identified areas including waste volume, 
population sparsity and government regulation that would need to be addressed in the successful 
implementation of a recycling system. Background research was concluded by investigating 
the success of existing systems located in countries around the globe, where central battery 
recycling initiatives and efficient recycling methods were identified as keys to success.  
In anticipation of the rapid growth in production of high mass and volume waste LIBs, the 
analysis stage of the project was developed with a focus on electric vehicle and home energy 
storage battery packs. In evaluation of each stage of the system, criteria focused heavily on 
economic burden, emissions, social acceptance and risk to the community.  
The collection methods proposed were based on adaptations of existing schemes such as lead 
acid battery collection points, gas cylinder home exchange programs, council kerbside tip 
collections, plastic bottle moneyback schemes and finally manufacturer based recovery.  
Five different options for recycling facilities were proposed including a single centralised mega 
plant, four state centralised plants, forty-four localised and small-scale plants, expansion of 
existing battery recycling plants and finally the continued exportation of waste LIBs.  
Three alternative recovery methods were proposed based on proven mechanical, 
pyrometallurgical and hydrometallurgical systems in use around the world.  
It was finally concluded that manufacturer based collection would feed four state centralised 
recycling plants consisting of a two stage pyrometallurgical and hydrometallurgical recovery 
process. This minimised capital investment, operational costs, emissions and risk to the 
community and environment whilst ensuring social acceptance was maintained.  
Quantification of these efficiencies was then partially achieved via the performance of a cost 
benefit and life cycle emissions analysis of the plant. Key metrics include a net present value 
of $3,022,300,000 of a plant processing primarily NMC LIBs and a net emissions credit of 
161,743 tonnes of CO2 equivalent greenhouse gasses. 
Finally, risks inherent in the development of the recycling system, primarily with respect to cost 
benefit evaluation and reliance on current metal prices and emissions factors, were presented. 
This was performed to encourage ongoing research and ensure due diligence is taken by users 
when assessing the feasibility of the plant moving forward. 
Future work should focus on the detailed analysis of both the economic and environment 
feasibility of the system. This could incorporate collaboration with PF Metals in Victoria to 
better quantify the costs and emissions that will occur in the Australian context. The 
considerable amount of uncertainty in the revenue stream and emissions factors used in this 
thesis require further interrogation to ensure the implementation of the recycling system occurs 
based on highly accurate and reliable information.  
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Global Recycling Initiatives Research 
Waste Electrical and Electronic Equipment Directive (WEEE) - Europe 
Introduced in 2003 by the European Union as law for member states, the WEEE directive aims 
to reduce the volume of electronics entering landfill.  The formalisation of collection, recycling 
and recovery targets, and requirements for collection schemes, has proven to be effective. The 
2016 45% collection target for batteries has been largely achieved, indicating that the initiatives 
employed suited most member states despite contextual differences. The most relevant of these 
to battery recycling included [58]: 
7 State developed economic instruments to encourage recycling 
8 Prohibition of immediate disposal of untreated batteries 
9 Focus on the responsibility of manufacturers and distributors to establish collection 
infrastructure such that it is free for users to return WEEE 
10 Adoption of the WEEE symbol to reduce ignorant disposal (see Figure 18) 
11 Raising of Public awareness via art projects and information sessions 
 
Figure 18: WEEE recycling symbol 
The WEEE directive is a successful piece of legislation that offers many examples of effective 
initiatives that will be relevant to the development of the Australian recycling system. It is 
further explored in the context of different European nations in the sections below. 
Belgium 
Belgian battery recycling has been largely guided by the European WEEE directive initiatives 
and is an example of the influence that government legislation can have on user behaviour.  
Introduced in 1995, Ecotaxes were the Belgian government’s first unsuccessful attempt to 
valorise recycled batteries. Designed to encourage the separation of batteries from landfill 
waste, the tax charged €0.5 per battery sold, or approximately 25% of the sales price of standard 
small electronics replacement batteries. Exemptions were made for batteries that were difficult 
or dangerous to remove, such as those found in medical appliances, or for those brands offering 
a deposit or refund scheme [59]. Ultimately, the taxation system was deemed ineffective due to 
influence from foreign markets and institutional barriers that prevented monitoring of exempt 
waste.  
Nonetheless, alterations to consumer and manufacturer behaviour were notable. Established by 
battery manufacturers in response to the Ecotax legislation, Bebat is a dedicated battery 
collection service.  In accordance with the WEEE directive, Bebat obliges all battery retailers 
and manufacturers to accept used batteries, offering free collection kits with 24,000 collection 
locations. These locations recovered approximately 300,000 batteries per day and consequently 
achieved a record yearly collection of 3841 tonnes in 2016. This results in a 55% battery 
collection rate that far exceeds Australia’s 24% [17] [60]. This focus on simplifying the 
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collection process and delegation of responsibility to manufacturers has accelerated the change 
in consumer behaviour. 
The valorisation of waste LIBs by the Belgian government further prompted the development 
of high efficiency, environmentally friendly recycling processes. Leading LIB recycler, 
Umicore, use a combination of pyrometallurgical and hydrometallurgical recovery methods as 
outlined in section 3). The success of Umicore is highlighted by the exportation of Australian 
waste LIBs to the plant in Belgium. Qualitative advantages of the Umicore approach include 
[39]: 
▪ Higher metal recovery rate 
▪ Direct feeding of batteries eliminating need for hazardous pre-sorting or treatment 
▪ Gas cleaning prevents release of toxic gases and organic compounds into the atmosphere 
▪ Energy present inside battery components is used in the process reducing overall 
consumption and negating the need for discharging prior to recycling 
Whilst quantitative analysis of the available processes will be performed in the final manuscript, 
the Umicore process evidently reduces reliance on sorting and pre-treatment. Simplification in 
this area would further improve user behaviour, and thus collection rates, which will be vital to 
success in Australia.  
Although indirect, the significant impact of government legislation on the behaviour of all LIB 
stakeholders, particularly when in conjunction with effective recycling initiatives, is of great 
interest in the project, and will be addressed in the final proposed recycling system. 
Finland 
As a member state of the EU, Finland has also taken significant steps towards improving battery 
collection under the WEEE directive. Although no tax system currently exists to valorise waste 
batteries, the Finnish government introduced decree 520 in 2014 on batteries and battery 
accumulators. Primarily, this aligns the state’s official stance on battery recycling with that set 
out in the WEEE directive [61]. As a result, municipal waste management companies, in 
conjunction with collection organisation Recsr, developed a comprehensive collection network 
based on red battery containers that achieved a 42% collection rate in 2013 [62]. Participating 
retailer and manufacturer premises are easily located via the online Kierrätys information map, 
which highlights the importance of convenience in altering user behaviour [4].  Implementation 
of these measures has been largely driven by private enterprise, and success can be partially 
linked to the high population density of Finland when compared to Australia. 
Nonetheless, the influence of the Finnish recycling stakeholders is further highlighted by the 
success of local battery processor, Akkuser Pty Ltd. Employing a unique mechanical processing 
technique know as Dry Technology™, the company notes the following: 
• Low energy consumption of 0.3 kwh per kilogram of battery produced 
• Recovery rate exceeding 90% 
• Eliminates need for emission and energy intensive metallurgical technology 
• Does not discriminate between LIB chemistries 
However, this does not eliminate the need for foundry metal refinement of the end-product LIB 
powder, thus reducing the legitimacy of energy use claims when compared to equivalent 
complete recovery metallurgical processes  [63].  
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Ultimately, the success of the Finnish recycling system can be attributed to the adoption of the 
initiatives outlined in the WEEE directive, which focus on the alteration of user behaviour and 
government legislation to improve collection rates.  
France 
As in both the Belgian and Finnish cases, France has adopted many of the WEEE directive 
initiatives with significant improvements to collection rates. Specifically, the French companies 
SCRELEC and WEEELogic, cofounded by 18 battery industry stakeholders, are designed to 
guarantee compliance management to clients. This includes coordination of the obligations of 
the manufacturer or retailer to their customers, and offers a complete service that simplifies 
battery recycling for all stakeholders. As a result, 28,000 collection locations, based on the 
Batribox™ have been opened, and a 43.5% collection rate achieved in 2016 [22].  
 
Figure 19: Batribox™ collection systems 
Useful features of the Batribox™ include: 
• Increase of awareness of battery recycling  
• Sensors identify when box is full and send message via internet to waste collection 
headquarters 
• Carrier arrives within 15 days of message to reduce chance of overfilling 
• Tracking slip allows for tracking of the box and compliance with hazardous waste 
regulations 
• At collection centres, batteries are sorted into drums and tracking is maintained from 
original Batribox™ accumulators 
Moving forward, these features could prove relevant in the streamlining of the collection and 
sorting systems that will precede final processing in Australia. 
Following the distribution of 99% pure drums of LIBs to centralised processing centres, one of 
two processing techniques described in sections 2.3.2 and 2.3.3 are employed [22]: 
1. Hydrometallurgy – SCRELEC Pty Ltd 
2. Mechanical Processing – SNAM Pty Ltd 
France achieves a 99% recycling rate of those batteries collected. Key to the efficiency of the 
French system is the purity of the stock feeding the processing equipment [64]. This is partially 
maintained by the sorting and tracking techniques offered by the Batribox™ initiative and the 
shift in user behaviour observed throughout Europe. For the proposed system to be successful 
in the Australian context, each of these stages of improvement will have to be achieved. 
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United Kingdom 
The United Kingdom (UK), heavily influenced by the EU WEEE directive, utilises a generic 
Batteryback recycling scheme based on those of the above member states. This incorporates a 
45% collection target for 2016, 30,000 collection points based in shops, schools and businesses 
to further improve convenience and the use of Batterycans™ as an identifiable depository. As 
a result, collection rates have improved, with the collection target of 17,289 tonnes, or 45%, for 
the 2016FY missed by 37 tonnes, yet on track to achieve long term WEEE directive benchmarks 
[65]. In addition, the UK has legislated the responsible transportation of LIBs, under the model 
regulations UN3480 and UN3481, such that they must be packaged, labelled and transported 
using appropriate vehicles in compliance with class 9 dangerous goods requirements [66]. 
Where Australia currently lacks reasonable regulation for transport of waste LIBs and an 
effective recycling initiative, the UK offers a complete example of how to approach effective 
collection. 
Unlike a majority of its EU partner states, the UK has also seen the emergence of a number of 
complete LIB collection to recycling private services. The most prominent of these is Cawleys 
Pty Ltd. In addition to the Batteryback™ initiative, Cawley’s offer home collection of EV and 
HS batteries which are then sorted and dismantled into single cells at a centralised factory. The 
sorted cells are then exported to Europe where they are recovered using Pyrolysis treatment. 
Profitability is achieved due to the significant mass of EV and HS battery packs, albeit not great 
enough to justify local processing, as occurred in Australia [67]. The combination of state 
initiatives and private enterprise in solving the LIB waste problem ensures that there is 
redundancy and diversification in the system, guaranteeing sustainability that would be highly 
desired in the Australian context. 
United States of America 
The United States of America (USA) currently adopts a free-market approach to battery 
recycling, offering little governmental support or intervention to improve recycling rates. 
Currently, the USA lacks: 
• Environmental Protection Agency (EPA) regulation of disposal of small batteries 
• A country wide collection system for used batteries 
• Federal legislation guiding states and users to responsibly dispose of used batteries 
Notably, the USA actively encourage the disposal of some LIBs in landfill [68]. Although the 
recycling rates of small electronic batteries for the USA were not available, it would be prudent 
to assume that a lack of infrastructure would result in similarly poor rates to those in Australia. 
Nonetheless, the USA have progressed in transportation regulation, potentially offering a 
solution to the current lack of official regulation in Australia. Some of the key features of section 
173.185 of the Code of Federal Regulations document 49 include [32]: 
• Enhance packaging and hazard communication requirements for lithium batteries  
• Replace equivalent lithium content with Watt-hours for lithium ion cells and batteries 
• Adopt separate shipping descriptions for lithium ion batteries 
• Revise provisions for the transport of small and medium lithium cells and batteries  
• Revise the requirements for the transport of lithium batteries for disposal or recycling 
• Adopt provisions for transport of damaged, defective, and recalled lithium batteries. 
A focus on these areas of transportation of LIBs will provide a foundation for the streamlining 
of collection methods. This will be particularly relevant where a centralised processing system 
may require interstate truck or train freight of waste batteries.  
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With respect to LIB recycling capability, the dominant company in North America is 
Retrievtech Technologies. This firm employs a mechanical process like that used in Finland, 
with the addition of trained professionals to dismantle larger EV and HS packs. Thus, despite 
the lack of tangible collection infrastructure in the USA, the development of effective 
transportation regulation and presence of a large-scale LIB recycling company does offer 
valuable information for the similarly undeveloped Australian context.  
Canada 
Partly inspired by the success of European battery recycling initiatives, Canadian battery 
manufacturers conceived the Call2Recycle non-for-profit battery stewardship organisation in 
1994. Despite facing similar issues to Australia with respect to population density and waste 
battery volumes, the organisation has achieved impressive results as follows [69]: 
• 12% growth in collection volumes over 2015  
• Diversion of 8000 tonnes of batteries away from solid waste streams 
• 2700 tonnes of batteries correctly collected and recycled 
• 7000 collection sites nation wide 
• 40% collection rate target by 2016 
Several factors have facilitated this success, including the committed participation of the 300 
stewards in partnership with Call2Recycle. The experience, financial support and technical 
knowledge of these entities continues to play a major role in the success of the Canadian 
initiative and should also be valued in any Australian recycling system. In addition, the use of 
both small-scale collection kits and large-scale bulk shipping options offers more flexibility for 
sparsely populated regions. The increased cost of these services is then partially subsidised by 
small fees charged per 100g of waste LIBs collected. Depending on the chemistry and 
consequently the value of the contained metals, collection fees can be as low as $0.0075 per 
100g for high cobalt content variants [70].  Given the similarities between the Canadian and 
Australian contexts, the multiple collection methods and introduction of an affordable LIB 
recycling levy to improve collection convenience should be reviewed extensively. 
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Net Present Value Evaluation Table 
 
Table 38: Net Present Value summary table 
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